We present a new optical scheme for BB84 protocol quantum key distribution (QKD). The proposed setup consists of a compact all-fiber polarization encoding optical scheme based on LiNbO 3 phase modulators, single laser source and two single-photon detectors. Optical scheme consists of standard telecommunication components and is suitable for both fiber and free-space quantum communication channels. Low losses (~2dB) in Bob's device increase both the key generation rate and distance limit. A new technique for solving polarization mode dispersion (PMD) issue in LiNbO 3 is implemented, allowing two crystals to neutralize the effect of each other. Several proofof-concept experiments have been conducted at 10 MHz repetition frequency over 50 km of standard optical fiber under laboratory conditions and over 30 km of urban fiber with high losses (13dB), which is a link within a QKD network. To achieve this, calibration algorithms have been developed, allowing the system to work autonomously and making it promising for practical applications.
Introduction
QKD is a rapidly developing technology. It allows unconditional secrecy of sharing keys between distant users -the transmitter (Alice) and the receiver (Bob), the security being guaranteed by fundamental laws of quantum physics. In QKD, Alice and Bob generate a secret key by transmitting information encoded in the states of single photons or weak coherent pulses. The two most widely used encoding methods are phase coding, in which information is contained in the phase difference between two modes interfering with each other, and polarization coding, in which the information is carried by the state of polarization (SOP) [1] .
Polarization encoding is common for free-space applications, since the atmosphere, unlike optical fibers, keeps the polarization stable. However, even polarization drift in a fiber quantum channel (QC) can be overcome with the help of polarization stabilization techniques. Moreover, this problem is not unique for polarization encoding schemesusually phase encoding QKD setups also require SOP recovery since active modulators are polarization dependent [2, 3] .
Achieving quantum key production at competitive rates requires high frequency generation of polarization states, which is a challenge. Polarization controllers available on the market do not allow GHz state preparation frequencies, common for present-day QKD setups. The simplest fast QKD configuration for Alice utilizes four independent laser sources, one for each SOP required for BB84 protocol [4] [5] [6] [7] . However, it appears to be hard to guarantee the indistinguishability of pulses emitted from different lasers, resulting in the system's vulnerability [15, 16] . Bob as well needs to modify the SOP arriving at his station to select the measurement basis. Due to the same demand of high speed, it is usually done passively with the help of a beamsplitter (BS) [8] [9] [10] [11] [12] [13] [14] . The main drawback of this method is that the number of single-photon detectors (SPDs) increases by a factor of two -from two to four. This results in a higher quantum bit error rate (QBER) as the number of noise clicks rise. Moreover, SPDs are practically the most expensive part of QKD devices.
An alternative idea to use Pockels effect of fast electro-optical LiNbO 3 phase modulators for switching the polarization has been proposed with two main methods implementing this idea. The first one is based on the balanced interferometers [17, 18] . Two orthogonal polarization components enter different arms of the interferometer with the help of a polarization beam splitter, after that one of the components experiences a phase shift induced by the modulator. As a result, two diagonal and two circular states can be generated. However, fiber Mach-Zendner interferometers are very sensitive and require phase stabilization [21] , while interferometers with constant phase difference use freespace components that increase losses [17, 18, 22] . Jofre et al. proposed a different approach to switching the SOP with the help of phase modulators [19] . The transmitter based on this technique produces orthogonal states as polarization maintaining fiber is aligned at an angle of 45° directly to the LiNbO 3 crystal inside the modulator. A phase difference between orthogonal polarization components is produced, since modulation affects only one axis. The critical issue of this method is polarization mode dispersion (PMD) caused by the birefringence of the crystal. Suggested solutions, including polarization maintaining fiber (PMF) compensating patch cords [19] and Faraday mirrors [20, 22] complicate the optical scheme (see sec. 4).
We present a simple configuration polarization encoding scheme based on LiNbO 3 phase modulators both in Alice's and Bob's devices, which use a single laser source and only two SPDs, while solving the PMD issue described above. Another advantage is that in contrast to the transmitter based on the phase modulator described in [19] , there is no need to carry out any specific manipulation to align the PMF and the modulator's crystal, as a polarization controller or PMF patch cord spliced at an angle could be used (see sec. 2, 3) . This significantly simplifies the technology and makes it possible to use modulators in regular configuration, which are available on the market. The result is a compact allfiber system which consists of only standard telecommunication fiber components with low losses of about 2 dB on Bob's side.
A proof-of-concept experiment has been carried out at a 10 MHz laser pulses repetition frequency over 50 km of single-mode optical fiber. The system operates autonomously with the help of calibration algorithms, developed to set the polarization controllers' voltages. Once the QBER exceeds a threshold value set by the user, recalibration is applied automatically (see sec. 6, 7). The average QBER in our work is 2% with a sifted key rate of 0.5 Kbit/s. Furthermore, the system has been tested as a part of an urban QKD network [26] . Experimental demonstration confirms the suitability of the setup for practical applications. In addition, electronics can be upgraded to reach much higher pulse rates, as the scheme is limited only by the modulators' maximum frequency, which can reach 10-40 GHz.
Experimental setup
The basic setup is shown on Fig.1 . Alice produces linearly polarized optical pulses using a 1550 nm laser source. The subsequent polarization controller (PC 1) is configured in such a way that the amplitudes of the field along the ordinary and extraordinary axes of the crystal inside the modulator (PM 1) are equal. This allows using the phase modulator for generating two pairs of orthogonal polarization states -"linear" and "circular" bases (see sec.3). The final element in Alice's apparatus is a variable optical attenuator that has two modes of operation -key sharing and system calibration. During the former, light is attenuated to 0.1 photon per pulse, while the latter is performed with stronger pulses (more than 1 photon per pulse, depending on the losses) to speed up the tuning procedure. As soon as the error rate reaches an acceptably low level, the attenuation is switched back to the key distribution regime value. (
Here A and B are the real amplitudes along the ordinary and extraordinary axes of lithium niobate and 1 φ is the phase difference between the components [23] . To describe the influence of the phase modulator on the polarization we use Jones matrix 1 :
Here φ Δ is a voltage-induced phase shift and or φ and ex φ -phase shifts along ordinary and extraordinary axes, respectively, at zero voltage.
The phase shift φ Δ will affect only one of the vector components. In order for the phase modulation to switch SOP to an orthogonal one, it is necessary and sufficient that the magnitudes of the vector components along the axes are equal, while the applied phase shift is π [23] :
In such a configuration the phase modulator acts like a λ / 2 plate, reflecting the polarization state symmetrically relative to the crystal axis. Therefore applying 0 or π phase shifts we produce a pair of states which forms the first basis for BB84 protocol 2 :
( ) 
The calibration procedure
The correct operation of the scheme requires the voltages of the piezo-driven polarization controllers to be set up in such a way that the polarization of the light entering both modulators and the PBS fits the requirements described above. Calibration is performed automatically. The input data for the tuning is the SPDs count statistics. To increase the amount of detector clicks and speed up the process, the light intensity is significantly increased for the duration of the calibration with the help of a voltage-driven attenuator. The intensity of the calibrating pulses sent by Alice is chosen depending on the losses in the quantum channel. Analyzing this data, the program adjusts the polarization controllers' voltages.
Goal
Let us briefly summarize the requirements for the SOPs described above: 1) At the input of Alice's phase modulator, the components along ordinary and extraordinary axes are equal 2) At the input of Bob's modulator, the components swap 3) Bob's measurements differentiate BB84 orthogonal states with extinction higher than 98%. These requirements can be formulated mathematically by defining the Jones matrices for each of the scheme's sections.
The first section connects the laser source and Alice's phase modulator. We assume the incident light to be linearly polarized. To fulfill the criterion 1 the transformation of this section has to be: 
Finally, the condition 3 is implemented by section between Bob's modulator and the PBS: 
between the polarization components, but in order for PBS to distinguish the states correctly their sum should be divisible by 2π :
This is required as production of the matrices (6), (7) and (8) should be equal to identity matrix. Note that 1 φ mentioned in sec. 3 is a result of the transformation (6) that is applied in the first section.
Tuning
As we cannot directly measure the elements of the Jones matrices for every section, we need to establish a set of observed values to implement the calibration. We tune one controller after another relying on the single photon detector counting statistics. To get enough information we need to switch on phase modulators and match the detector statistics to the phase shifts that we apply.
Alice applies four different voltages to the phase modulator, corresponding to phase shifts of 0, π/2, π and 3π/2. Bob applies two voltages, corresponding to 0 and π/2.These shifts do not mean correct polarization states production and detection, since polarization controllers are not tuned correctly yet. We begin the calibration by amassing the statistics of detector clicks corresponding to each pair of voltages, receiving a histogram of eight columns (Fig. 6) .
The tuning of PC2 is based on the idea that, if correctly set up, the two phase modulators apply their phase shifts to orthogonal polarization components of light (sec. 4). Therefore, the pulses that experienced the pairs of shifts (0, 0) and (π/2, π/2) should not be distinguishable. This means that these two pulses will have the same statistics of clicks.
In addition, the following pairs are indistinguishable: 1) with a relative phase shift of π/2: (π/2, 0) and (π, π/2); 2) with relative phase shift of π: (π, 0) and (3π/2,π/2); 3) with relative phase shift of 3π/2: (3π/2, 0) and (0, π/2). Thus, we tune PC 2 aiming to equalize the click statistics for these combinations. Once PC 2 is set up correctly, PC 1 and PC 3 may be tuned in any order. The first one maximizes the difference between logical 1 and 0 in the correct bases, while the third one finishes the procedure, minimizing the error rate. The last controller that is tuned fits Eq. (11) equation for the current setups of the two controllers that were calibrated before.
The setup upgrades using passive elements (Fig. 2, Fig. 3 ) significantly simplifies the calibration process, as only one controller has to be tuned. Indeed, sections 1 and 3 are already consistent with matrices (6) and (8) . The only polarization controller in the scheme has to minimize the error rate, which means that it meets the (7) type, also fulfilling the condition (9) . Recalibration may be caused by the changes in the QC or by drifts of 1 φ or 3 φ , that are not guaranteed to remain stable.
Algorithm
Three channels of the polarization controllers are used. The controller successively minimizes the parameter for each channel using gradient descent. Each controller uses its own parameter for minimization. Thus, for PC2, which attempts to align four pairs of columns on the histogram, the parameter was chosen to be equal to the squared sum of differences of corresponding columns, averaged over a short period to reduce the influence of noise on this parameter. The time has been chosen manually to ensure a balance between precision and performance speed. PC1 aims to achieve a maximal difference between logical 0 and 1 columns when Alice and Bob bases are the same. The parameter is the difference, taken with a minus sign. PC3 directly minimizes the error rate.
Experimental results
A proof-of-principle experiment has been conducted at a 10 MHz repetition frequency. The key distribution has been carried out over a distance of 50 km of standard singlemode optical fiber in spool (10 dB losses) with 0.1 photons per pulse. The system automatically performed the calibration procedure and maintained QBER below 5% for hours, applying recalibration as needed. Average time that the system has spent in the data transfer mode is about 80%, while the other 20% has been required for recalibrations. Unfortunately, the effective key generation frequency was reduced to 5 MHz due to the processing issues. The sifted key generation rate of 0.5 Kbit/s and 2% QBER have been obtained. Alice's bit
In addition, an environment experiment has been carried out for a 30 km urban line with high losses (13 dB). To suppress the noise caused by the nearby fiber channels, Bob used a WDM optical filter at 1554.94 nm. The laser has been tuned with the help of temperature controller to fit the filter's wavelength. In order to guarantee the key secrecy, the average number of photons per pulse has been lowered to 0.02. Under these conditions, 106 bit/s sifted key rate has been obtained, taking calibration time into account. Fig. 8 illustrates QBER statistics vs. time during urban tests for 20 hours, the average value being 5.5%. The post-processing procedure applied to the sifted key consists of information reconciliation, parameter estimation, privacy amplification, and authentication check stages [25] . As a result, a secret key has been generated with 0.02 Kbit/s rate. This value could be improved in the future by using the decoy-state protocol [24] , which allows increasing the intensity of the pulses. Upgrade of the driving electronics will provide higher repetition frequencies that will also significantly increase the secret key rate.
The system is currently used as a link within a QKD network across the urban fiber channels [26] . The developed QKD network is based on the trusted repeater paradigm and allows establishing a common key between users over an intermediate trustworthy node. The second link is a "plug and play" phase encoding scheme. The system uses ID Quantique ID230 single-photon detectors. Data acquisition, control of the phase modulators, attenuator, laser source and polarization controllers is carried out via a National Instruments FPGA, the software being written in LabVIEW.
Conclusions
A novel optical scheme implementing the polarization encoding BB84 protocol has been presented. Alice uses a LiNbO 3 phase modulator to generate two pairs of orthogonal polarization states with a single laser source, solving the issue of pulses' indistinguishability. A polarization controller or a PMF splice at an angle of 45° guide the pulses into the modulator with equal amplitudes along the crystal axes. Bob's device similarly selects the measurement basis with a modulator and rotates the output SOP in order for the PBS to distinguish different bits. Only two SPDs need to be used due to the active basis selection. Low losses (~ 2 dB) in Bob's apparatus allow increasing the communication distance and the bitrate. In addition, a novel approach solving the issue of PMD caused by the LiNbO 3 birefringence is implemented. A polarization controller following the quantum channel rotates the SOP by 90° equalizing the optical paths of two polarization modes within the crystals. A significant advantage of the scheme is that it consists of only standard telecommunication components and is suitable for both fiber and free space QCs.
Proof-of-concept experiments have been conducted at 10 MHz over 50 km of optical fiber in a spool and 30 km of urban fiber line. The system has been used as a part of a QKD network. To achieve continuous operation for several hours, calibration algorithms have been developed, allowing the system to work autonomously. The algorithm has proved itself reliable under both laboratory and urban conditions, spending approximately 20% of time for recalibration. The scheme seems suitable for future upgrades to higher frequencies and decoy-state protocols, being promising for practical applications.
